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fhii  report  describee  some  recent  efforts  to  study  end  under¬ 
stand  tbs  performance  end  the  noise  properties  of  atato-of-tha- art 
■§l.*CdJtTe  infrared  detectors  under  low  background  conditions.  Par¬ 
ticular  emphasis  has  been  pleeod  on  the  study  of  tho  low  frscjienciy 
noise  properties  of  these  detectors. 

Xa  tbs  main  body  of  the  report.  Or.  v.  J.  Moore  describee  tbs 
present  approach  to  noise  nsasurensnto  and  detector  evaluation 
along  with  tbs  first  results  of  bis  experiments.  this  part  gives 
a  description  of  apartments  in  which  the  probability  distributions 
of  noise  amplitudes  from  several  Mg^Cd^te  elensnts  obtained  fron 
foxes  Instruments.  Zac.  have  been  measured.  In  all  oases  tbs  dis¬ 
tributions  are  gauss ian.  When  measurements  of  tbs  distribution 

s 

axe  repeated  tbs  variaaos  of  tbs  distribution  is  fqpad  to  change. 
Such  a  situation  has  been  termed  "noiay-nolee"  by  Bropby  [1]. 
Additional  data  is  repaired  before  tbs  statistics  of  tbs  distri¬ 
bution  of  variances  can  be  determined  for  the  ■g^Od^fe  elements. 

Appendix  A  consists  of  a  tbaorotioal  paper  entitled  'Phenome¬ 
nological  Approach  to  bow  Frequency  Klectrioal  Poise"  by  S.  Peltier 
and  M.  F.  ML  Osborne  which  is  in  press  in  the  Journal  of  Applied 
Physics.  The  development  in  vetoes  two  basic  physical  ideas,  firstly, 
tbs  excess  noise  is  ascribed  to  tbs  fluctuation  of  tbs  local  (in 
time)  reference  level  to  Which  equilibrium  and  other  White  (in  the 
lew  frequency  limit)  fluctuations  are  ooapared.  Secondly,  it  is 
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>i  wad  that  lAutll  low  tn^MAcy  &oiw  inioivift  a  wnlinikx 
This  i^pllu  Um  noise  powir  la  diftertot  frtqutiiey  regions  an 
oooplad.  k  farther  sinple  aiiagtion  rtgilni  tbs  integral  of  the 
power  spectral  density  over  specially  chosen  intervals  to  be  a 
constant.  This  leads  to  a  1/f  spectrue  for  the  power  spectral 
density.  Possible  generalisations  that  provide  for  other  spectral 
lews  are  also  nentioned.  . 

the  calendar  of  events  associated  with  the  aqaisition  of 
state-of-the-art  ■glH,CdJ|t»  detectors  is  as  follows  t 
Contract  in  the  Mount  of  $39,994  for  three  state* 
ef-the-ert  arrays  of  lg1.  .gCdgte  detectors 

awarded  to  Texas  Instn—nts,  Inc.  (Contract  * 


Vaster  V00173-70-C-0444) 

9  Jan 

1970 

*  ^ 

Delivery  of  fisst  array 

Feb 

1970 

Delivery  of  esoond  array 

March 

1970 

Delivery  of  third*  array 

March 

1970 

Delivery  of  fourth  array 

*•# 

a 

«er 

1970 

•Due  to  the  sliphtly  substandard  perfos 

‘nance  of  the  first 

array. 

a  second  array  of  the  sane  non  Inal  elexent  sine  was  provided  by 
Texas  Xnstnasents,  Inc.  at  no  coat. 

Oaring  fiscal  1970  there  have  been  Monthly  reports  on  this 
tack  beginning  with  1  Oct  1909.  With  this  anneal  report,  it  is 
proposed  to  return  to  the  quarterly  reporting  procedure  prescribed 
by  AVI  guidelines. 

During  fiscal  1970,  the  personnel  concerned  with  this  task 
have  been  Or.  >.  Teitler  (principal  investigator)  and  Or.  W.  J. 


% 


a 


Noon  (project  scientist)  •  During  fiscal  1971,  Dr.  Moors  will 
astuss  responsibilities  as  principal  investigator  and  Dr.  9.  T. 
ftadoff  will  participate  in  the  project. 

Twenty  copies  of  this  report  are  being  sent  to  the  Defense 
Documentation  Center*  Cameron  Station*  Alexandria*  Va.  22314. 
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X.  Preliminary  Consider  at  loos. 

•  • 

Xofitrad  d«t«etori  hivt  long  suffered  from  electrical  noise 
in  excess  of  that  produced  by  the  fundamental  John eon -»y quiet  end 
feneration  recombination  mechanisms.  This  excess  noiee  has  a 
power  apectnus  tdiich  roughly  follows  a  1/f  dependence  and  i'.  la 
referred  to  aa  "1/f"  noise.  Xt  reduces  the  detectivity  of  the 
detector*  particularly  in  systems  which  must  operate  with  slowly 
varying  signals.  Xn  addition*  excess  noise  increases  the  statis¬ 
tical  spread  in  detectivity  of  elements  in  arrays  with  resultant 
degradation  of  the  overall  array  performance. 

The  objectives  of  this  study  are  to  procure  evaluated  state- 
of-the-art  ffg^Cd^T.  detector  arrays  with  peak  sensitivity  near 
10  microns*  to  perform  additional  meaeuraaunte  of  responslvity 
and  noise  under  a  variety  of  background  conditions*  and  to  eoepare 
the  statistics  of  the  "1/f”  noise  in  these  detectors  with  theoreti¬ 
cal  models  for  "1/f”  noise  mechanisms. 

neoant  studies  of  amplitude  probability  distributions  of 
"1/f"  nolle  in  eaxbon  resistors  by  trophy  Cl]  indicate  that  this 
noise  differs  statistically  from  Johnson-ffyquist  noise,  ffuch 
statistical  studies  offer  the  possibility  of  testing  models  of 
"1/f*  noise  generation  mechanisms  more  precisely  than  is  possible 
using  the  traditional  power  apsetrud  measurements  alone. 

•  Traditional  experimental  studies  of  noise  in  semiconductors 

have  been  limited  to  measurements  of  power  spectra.  The  usual 

*  •  * 
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syttm  for  power  iptctri  MMurciMti  consist  of  a  tunabla  narrow 

band  aaplifier  followed  by  an  raa  raading  voltmeter.  The  voltmeter 

** 

raading  ia  proportional  to  tha  raa  amplitude  of  tha  Fourier  components 
naar  tha  aalaetad  fraquancy .  Piltars  hava  been  uaad  in  thia  way  to 
■aka  naaaurananta  at  fraquanciaa  down  to  about  10~3  harts  [2]. 

Similar  aaaauraaanta  hava  baan  nada  down  to  5  x  10”5  harts  using 
fraquancy  multiplication  aathods  with  analog  magmatic  tapa  [3]  and 
photographic  film  [4].  decent ly,  Man sour,  Bawkina  and  Bloodworth  [5] 
describe  a  tachniqua  of  making  power  spectra  by  Pouriar  analysing 
digital  tapes  made  using  a  system  idiich  periodically  sampled  and 
digitised  tha  waveform  of  interest.  Their  concern  was  in  tha 
spectral  region  below  1  harts  but  their  work  represents  the  first 
use  of  digital  compete rs  in  the  analysis  of  electrical  noise. 

Another  advance  in  tha  analysis  of  tha  nature  of  "1/f*  noise 
is  the  work  of  trophy  [1]  and  Booge  and  Boppenbrouwers  [•]  who 
determine  the  characteristics  of  tha  amplitude  probability  dis- 
tribution  of  "1/f"  noise  from  carbon  resistors  and  CdSe  films 
respectively,  trophy  finds  that  the  variance  of  the  probability 
distribution  is  itself  a  variable  and  changes  whan  tha  experiment 
is  repeated.  Booge  and  Roppehbrouwers  find  that  tha  variance  of 
tha  distribution  of  noise  from  Odta  layers  is  constant.  Xn  both 
cases  the  noise  power  varies  approximately  as  1/f  and  tha  prob¬ 
ability  distributions  are  gaessian. 

Xn  addition  to  tha  above  studies  of  amplitude  probability 
density  of  "1/f"  noise*  trophy  [7].  has  determined  the  probability 
distribution  for  the  intervals  between  aero  crossings  for  both 
jrohnson-tyquist  and  "1/f"  noise. 

2 


All  of  the  above  atuditi  with  the  exception  of  those  of 

» 

Mansour,  Mini  and  Sloodworth  require  that  the  experiatnt  be 

repeated  for  each  type  of  analysis.  Zt  is  not  convenient  to 

* 

perform  more  than  one  analysis  on  one  aaa|Ai  of  noise. 

A  much  more  general  and  useful  system  for  noise  analysis  has 
been  designed  in  the  present  work.  This  system  a\lows  all  of  the 
measurements  described  above  and  in  addition  allows  one  to  make 
more  complex  tests  of  noise  theories  than  those  discussed  above. 

The  system  consists  of  an  analog  tape  recorder,  facilities  for 
sampling  and  digitising  data  recorded  on  the  analog  tape  and 
placing  the  digitised  samples  on  digital  magnetic  tape,  and  a 
general  purpose  computer.  This  system  will  be  described  in  detail 
later. 

IX.  Properties  of  the  Purchases  Bg^Cd^Te  Arrays. 

■g^CV  arrays  have  been  purchased  under  Contract  Imber 

S00173-70-C-0444  with  Texas  Xnstrumsnts  Xnc.  This  contract  called 

for  delivery  of  three  arrays  of  at  least  five  elsmsnts  each.  Arrays 

ware  to  be  provided  with  elements  having  the  nominal  sisest  3xX  mils, 

Cxi  mils,  sad  20  x  20  mils.  Five  elements  from  each  array  were  to 

be  evaluated  at  2t*K  and  4.2’K  with  restricted  background  illumination. 

Due  to  slightly  substandard  performance  of  the  first  array  delivered 

(array  no.  23ft  •  17C)  a  second  array  of  the  same  nominal  element 

siss  was  provided.  The  arrays  delivered  are  summarised  in  Table  1 

with  comments  on  their  performance. 

XXX.  Bxperimsntal  Details.  ' 

Block  diagrams  of  the  two  systems  used  in  this  study  are  Ohown 

in  Pig.  1.  The  system  shown  in  Pig.  la  is  essentially  the  same  as 
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that  used  previously  by  Brophy  [1]  except  for  the  analog  taps 
rscordsr.  Figure  lb  shows  the  nore  general  setup  including  noise 

•  S'*  » 

analysis  directly  utilising  a  conputer. 

Xn  the  experimental  configuration  Shown  in  Fig.  la*  the 
■gj_xCdxTe  detector  array  is  Mounted  onto  a  copper  block  which 

is  attached  to  a  liquid  coolant  reservoir  and  is  held  at  a  tsnpsr- 

* 

ature  near  7B*K  or  4.2*X.  A  cooled  opaque  cap  covers  the  detector 
in  order  to  Maintain  a  low  level  of  optical  background  and 
a  low  level  of  optically  produced  generation- recoatolnatlon  nolee. 
The  detector  is  biased  using  a  filtered  battery  supply  as  shown 
in  Fig.  lc.  The  resulting  current  flowing  through  the  sample 
passes  through  the  pries ry  of  a  Ml  Model  An-1  input  transfomer 
(Triad  0-4  Oeofomer)  and  produces  an  anplifled  fluctuating  output 
in  the  transfomer  secondary.  This  output  le  further  anplifled 
by  a  FAB  Model  113  preaaplifier.  The  transfomer  le  connected  fbr 

v> 

a  voltage  gain  of  Slil.  With  this  ays  ten  the  sasple  appears  to 
the  transfomer  to  be  a  120  n  noise  voltage  source  for  noise  fro- 
queneies  greater  than  About  20  harts.  Mo  distortion  due  to  current 
in  the  primary  has  been  Observed. 

Signals  from  the  amplifier  are  recorded  on  analog  magnetic 

tape  tdilch  is  capable  of  recording  frequencies  as  high  as  30  kBs 

*  *  • 

with  a  signal  to  noise  ratio  of  44  db. 

The  recorded  signals  are  played  back  at  a  later  date  either 

at  the  record  s^eed  or  at  a  slower  speed  (in  order  to  get  a 

% 

division  of  all  frequencies  present)  into  an  V  540 IB  multichannel 
analyser  used  in  the  sampled  voltage  analysis  node.  When  the 
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wvtfoni  bu  bun  sample  J  fo r  a  sufficient  tine  1-2  rlnutss) 
the  contents  of  the  Msocy  is  punched  onto  papor  tape  which  can 
he  analysed  by  computer.  When  frequency  suit iplicat ion  or  division 
are  unnecessary  the  analog  tape  recorder  is  onitted. 

When  using  the  generalised  systen  shown  in  Fig.  lb#  the  dewer# 
preaap,  and  analog  recorder  are  as  described  above.  Signals  re¬ 
corded  on  the  analog  tape  are  played  bach  into  a  digitiser  which 
can  digitise  and  record  aore  than  10*  saaples  per  second  fron  the 
wave  fora.  Frequency  division  or  aultiplicatlon  can  be  uned  for 
special  applications.  The  unique  feature  of  this  systen  is  that 
the  chronological  order  of  samples  froa  the  randoa  wave  fora  is 
preserved. 

XV.  insults. 

Voles  froa  the  preaaplifler  and  froa  biased  Hg^Cd^Te  detectors 
held  at  liquid  nitrogen  and  liquid  hellua  temperatures  has  been 
aaalyred  using  the  two  eyeteas  describe  above. 

Amplitude  probability  distributions  nede  using  the  pules 
height  analyser  confira  the  expectation  that  the  nolee  is  normally 
distributed.  An  amplitude  probability  distribution  for  eleasnt  B 
of  array  0-351-11C  held  at  About  4.2*1  with  a  bias  current  of  1.5  aa 
(slightly  above  optlaua  current)  is  reproduced  in  Fig.  2. 

Ibsens sa  and  kurtoeis  are  two  statistical  paraaeters  of  a 
distribution  Which  are  independent  of  gain  and  so  are  characteristic 
of  the  type  of  distribution.  For  a  normal  distribution  they  have 
the  values  0  and  3.0  respectively.  {The  skewness  and  kurtosls  giueh 
on  the  graph  fdr  the  distribution  of  Fig.  2  were  determined  using 
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and  mo  include  data  from  the  wings  ddeh  aoald  strongly 
a f fact  tha  raault  if  tba  wings  deviated  froa  a  nornsl  distribution. 
Mm  ladioatad  on  tba  figure,  tba  resulting  values  are  vary  oloaa  to 
tba  tbaoratieal  values  Which  oaggaata  that  tba  distributlo  is 
gaur  lan  a  van  nail  oat  into  tba  wings.  Os  do  not  yet  have  suffi- 

ola..<  data  to  determine  tba  atatiatiea  of  tba  varianoaa.  Sowaver, 

•  • 

tba  variances  nsasured  do  vary*  that  is,  they  do  not  swain  constant 
Oban  tba  eqperlaant  in  repeated. 

Several  noise  navies  have  bean  digitised  using  an  WML 
digitising  facility.  Bona  problen  baa  arisen  in  accenting  to 
get  good  resolution  free  this  systan  due  to  tba  lack  of  a  aaaple 
and  bold  circuit  ahead  of  tba  successive  approaciastioa  digitiser. 
Cosbib rcial  digitising  facilities  are  available  at  reasonable  rates 
and  will  be  tasted  in  tba  near  future.  Only  Shan  it  is  possible 
to  gat  digitisation  with  good  anplltuda  resolution  will  tba  full 
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IkunMi  4  ylMmliglMl  iattrlftlat  •(  hum*  hoIm  la  a  awayUllklaa 
fjpaUa  U  pnmtai.  At  ifihftf  Imlrn  tw  tool*  physical  Man. 

Vlmtii  At  —if  Mitt  it  fftttl  to  At  (lwtattlM  t f  tka  Itttl  (la  tiat) 
rtftrtatt  1ml  to  akUk  tfailikriat  taC  atkar  akita  (la  tka  lav  frafaoaay 
Halt)  flaatoatlaaa  ara  aaayarti.  Saaaaily,  it  It  aaamto  that  tatttt  lav 
frtjttaty  atUt  lavtltat  t  ataHattr  praaaaa.  Alt  lapllaa  At  atlta  fair 
to  tlffaraat  ftofatoty  rtfltaa  art  ttapltl.  A  totter  a  lay  It  aaampHaa 
rtftlrta  At  totayrtl  at  At  ftaar  tytetral  toaalty  mr  ayatially  Attta 
lattnrtlt  to  to  t  caaataat.  Alt  latit  to  t  1 /f  tptttnai  far  At  favor  tftatral 


X*  *  trc'wiCt  ii/fi 


1-ov  fr c.'.wcnc;  dutric^l  noise  usually  has  a  cu  penent  vhfd:  is  j>rw;virtlfnil 
to  ilia  st;c*re  of  tic  drlvi?.,;  current  and  which  h as  a  spectral  density  varyinj 
*p;tr®Ktet«ly  as  the  inverse  of  thr  frequency.  This  so-called  excroc  noise 
is  r.ec  readily  dc*cribed  within  tha  usual  naclu  aticwl  frfwwrk  employed  in 
the  description  of  fleet u  tion  pheniotena.  llouvvcr  st»e  it>ccifu  nodelf.have 
i  uuJ  iu  o  i!cmi/.io:i  of  the  loo  ir«^iuncy  t^ctrus  In  seen  specific 

/.loo  not  lor.-  030,  )h.\ihlbroJ  p-uvid„d  c  ccncral iertien 
of  the  tuthwotitel  frasevark  for  describing  fluctuation  pheno'xna  vhtcb  he 

applied  to  the  low  frequency  noica  probles.*  liosro  recently,  lh.nd  lhrot  end 

9  10 

Van  !:e*s  h-vc  introduced  the  concept  of  fractional  Rrouoir.n  wot  ion  sad 

related  it  to  lev  frequency  noise. 

In  the  present  paper  %*c  attempt  to  describe  lev  fvcr.uency  electrical  r.oine 
vithin  a  *ef.,ral  frrr.cvork  of  fluctuation  phrnoc-er.a  in  nonripillffcr  if*  *y:e-v.. 
Our  approach  is  deductive  in  nature  sod  our  eta  is  to  broadly  label  the 
essential  physical  processes  that  say  lead  to  excess  low  frequency  no Ur. 

A  noncqutlibriira  sy»icu  is  subjected  to  external  driving  forcra.  V>  are 
interested  in  the  response  of  the  aystcei  to  the  external  forces  ee  revealed 
in  variables  of  flow;  a  charge  current,  a  nasc  current,  etc.  It  is 
usual  to  define  c  fluctuation  for  such  variables  at  a  f,ivt»  ttaa  as  the 
difference  of  tha  value  ft  that  tioe  and  ita  uean  value.  This  uercwalun , 


lr.  practice,  i»  **  the  tts*  rvarage  cf  the  variable  ever  the  esf  Jrlcal 

record.  Kow  cc.ulllbrftu  uni  other  vblte  (In  the  lev  frer.u-.vry  1 1— noise* 
arc  all  charactcrltci!  by  a  correlation  dee.  Therefore  any  tti?  Interval  Ion* 
compared  to  thcce  corrclr.tlen  tl-.c  fora*  an  t rpr**palatc  averaging  Interval. 

It  1*  physically  feasible  tl.cn  to  emclt’ercva  distinct  upeci*  c.f  tha 
fluctuations,  nossly,  (1)  fluct  ust  I  or.*  around  *  rof.*.r»mro  !rv.  1  locel  In  :>#j 
and  (?),  Mectutlcr.c  of  the  Intel  reference  1  eel.  fluetvr  rlet.n  r.lwt 

the  leeel  reference  level  ere  jurt  those  th  t  give  rfae  to  the  t&Jw  (In  it* 
low  fre^u^ncy  It:. It)  twice,  llctnsvar,  tl:a  fluctuations  cf  tha  1  c.  1  r.fu;ti.tf 
level  UfeU  rejiraat;.:*,  free*  cur  vievpalnt,  one  of  ti.  os.  ti.  Ily  r,.v 
Ingredient*  larding  to  excess  r.olcc  In  noc.ceelllbr *v,t  ayrteva.  Uc  refer  fo 
this  fluctuation  of  t\e  local  rcfcr.rcc  level  rc  the  r.vsr*j  et-rert  t!  vl  sir.,. 
In  rddlticn,  a*  vlil  develop  In  the  court  recti  os  of  cur  phono  r.alcglrcl 

uodol,  vs  Invtl.a  an  uusjerlf led  r.onli..tar  cacl.ar.Ia  Is  order  to  provide 

* 

coupling  e-ong  tha  tpactrr.1  ee.  pcr.tr.ts  of  the  evert;.*  cut.  et  <*: via*. tor.. 


A- 2 


II.  »43  Unwrugp  Ci'.wni  Dev 1st  lott 


Ovr  seal  In  this  r. ctfon  I c  to  analyse  the  fluctust  ter,*  In  rha  loci  l 
rtf^rcr.ce  level  which  ve  d?«rlbj  cnl  denote  ea  tha  aver***?  currtr.t  deviation. 
V*»  end  r.,\U  the  pev.r  ijvccrcl  i^r.-  tty  <ep  i’»j  *v.'r.**f  current  rfevl«t*on. 

Wo  prose*  d  It.  the  tiuo  d*.  ,  la  if.  a  r inner  siullrr  to  that  v*  d  by  von 

11 

UUil  xr  In  the  space  «h  *u  to  describe  hijh  Reynold**  nudisr  turbulence 
phen*  enn,  Ihr.rv*.r  it  should  V?  erphAalred  that  St."*  present  discussion  in  not 
dlr*e*  y  a  turbulence  theory.  We  do  not  d*al  with  the  rp^tl*!  <Sc  r.tn  at  til. 
Jhv.'r.l  leas  our  phc»&-.  rn»lc;t«el  results  aro  censi^rent  with  n  turbulence, 
occhfinii..!  for  low  frequency  rni*t  in  i«R(cenlutori>^'^  In  ;hr..  such  «  twchrr.i..:* 
provides  a  ru nil.. ear  coupling  eoor.j  the  frerpuiney  cr  perlite*  of  the  paIco. 

Consider  a  very  Ions  tit*  record  of  length  IT.  The  Avers***  of  the  variable 


of  interest,  c.».  the  current ,  over  thU  record  is  I 

_ ,  r*/x 

tmV  IW<* 


(2.1) 


At  any  point  on  the  record,  the  fluctuation  «y  ha  represented  sa  the  differ- 
er.ee  tvcixce  the  value  of  the  current  at  that  point,  and -the  ava ro*e  value. 
Conoid* r  now  an  interval  T  centered  on  the  point  of  interest  t  .  This 

O  A 

Interval  Is  chot.n  to  be  ttueh  exfiller  dun  tha  total  record  «T but  uuch  larger 
then  tha  correlation  thus  of  white  (In  th*  lew  frequency  Htsit)  noises.  This 
w;,.  that  spectral  properties  for  i*r«^uancioe  f  >  T**  say  bo  investigated  in 
this  1  t^rval  end  also  that  tha  intend  7  is  cu^ficicutly  lart;a  so  either 

"  1 

It  or  .1  s  .*.11  frcctlon  of  It,  both  provide  s  satisfactory  avor*£,ins  interval 
for  typical  processes  characterised  by  a  correlation  tiat. 


Hi  fiver  ja  of  thu  current  o v«r  the  interval  T  centered  cn  t  is 

O  A 


I*'  CO 


..*1 


KO  dt 


(2.2) 


A-3 


Iii  §a**ri.!  tie  average  over  the  interval  Te  vill  not  coincide  with  rtte  rvcr;.^ 

over  the  entire  c-.iirical  interval  *17*. 

1*  <Yo)  -1/0  (?.3) 

I'c  tny  the  fluctuation  »t  :  In  l!.s  foil  fom 

c 

I  (tj  -  7  s  I  <c  )  -  1*  <To)  +  2*  (To)  -  Y  (2J.) 

J.jv  Tq  vm  c ho ran  ru«h  larger  thin  the  correlation  tiwes  of  the  v'  ice  (In  the 

lr.»  frer.ver.cy  If  It)  r*'sen.  Consider  the  seller  t.  Interval  Tj  **  Wil  r  *t 

12 

where  fl  is  a  trill  integer.  Than  v.  can  fom  the  rverr-o  of  t*  i  current  over 
the  Interval  T,  centered  on  t  .*  nr saly  I  (?,).  Yh  fh.cri.rt  Ira  r*  t  t  y 
then  be  written 

1  (t J  -  I  “  I  (tft)  -  I*  CT1)  +  1*  (Tj)  -  l"'Yo)  +  lN*f0)  -  1 

lj  I l  (2.5) 

Sirllariy  va  can  continue  to  subdivide  ti.a  ordinal  interval  ?0  to  fen? 

T*  -  r2  T  .  T,  ••  r3  T  .  —  7  -  r*  T  .  The  subdivision  it  stopped  at  T 
which  represents  the  t-allns;  interval  which  cm  terve  ec  an  averse ir.*  interval 
for  white  (in  the  lew  frequency  Unit)  noises.  The  fluctuation  at  tft  s-ay  tl*en 
be  written  general lsin&  Cq.  (2.5) 

i  <t4)  •  "i  c  i  (t.)  - 1*  at)  *  xj ;  *  i*  (j.t) 

where 

X*  .  I*  <»#)  -  l 

»(  *  x*  <*,)  -  1*  <Vl>*  •*=>>«  (2.7) 

Ve  identify  I  (t^)  -  1*  (7#)  as  the  usual  fluctuation  at  now  with  respect 

to  n  local  reference  level.  Then  jf  *  *  I*  la  the  fluctuation  as  t  intrinsic 

r#  *  o  n  c 

to  the  norccyf Vhrftn  r.lcr^rlcn  r-’  w  «*<:if“.*:r  it  sf?  r.v  — rp.*  err rent 


deviation 


Is.  Is  mrj  i.J.-r.  I  the  wwln  tf  'Am  §&rc#t*i*$,  analysis 

of  Ctn  <Mr«g«  W9t»at  dovl.tlcn  In  terse  of  Its  r^rtr.-.i  content.  Vise  Integral 
of  the  Mrrwe  over  a  ^  r:lcu!er  isvrvsl  V  vrr;oa  <«  c  contributions  to  the 

I# 

ever**,/  rerrer.r,  ihltti  Wltp-  ro  frer.e,*  *  r.-t  r  ttwi  I’.tvl  ecnirlts  th* 

offocts  cf  ccatr  :lcns  wfcgfc  ftnwwto  1  s  tV.n  y*‘.  The  v.  tief.-iu'hor 

subtree,  lo;.  ; vat  ..*«  la  tl.f  is.In.,  tha  ia  Kc,.  (2.7)  j»rovit!.-s  thrt  r.  f.lvoa 

•  • 

J  oaty  ii.'fj  p(' j{£lc,*a:  contributions  In  it-,.-  Iimrscv  ruaw  f  .  •*  T*^.  to 
u  *  '  »«-l  n-1 

*1  14 

f  *  V  .  Tna  £  regency  difference  It 

Is  II 


fr.  *  f»-l  "  *  J*  (»•»/»* 


-  fR  (*-!)/* 


(2.6) 


O.'.j  sees  tlr.n  th-.t  the  sl.-e  of  the  frequency  Interval  U  on  Increrf  l:*.£  function 
of  n.  If  o.na  iiflwi  t*..o  fref,v*»ncy  resolvtlm  c.e  f^/Af^,  It  folloi’s  the:  rlsa 
frequency  resolution  Is  a  toast ante  tiiJs^iwtast  of  n,  rite  It  p.ot  very  lp.r*a. 


(jLtn  *  H/ct-n 


(2.5) 


Alicvnr.tlwly  It  sc.  dec  I table  to  consider  rn  mlyvit  vitl.  e 

flxetl  fref.noticy  Irtervel.  This  can  ba  achieved  by  considering  r.vcrajcs  over 
dacrteali.;  JnUrwia  of  *l>.o  ”0//,  (/  **  1,  2,  3,  •••).  T.<  n  ilia  Interval  also 
Is  cor.r-ton.  independent  of  f  end  c<;u"  1  to  7^ .  l.'ovever  tl»a  frcc.ucr.ey  resolution 
**!  '* I  Cf.ua*  to  *  *!Ml  tbtnfsn  Increases  with  Intr.nslns  frequency.  The 

tnui  .  j  frer.tttr.cy  recsivticn  In  the  v.  SVlrs'Ctcr  decomposition  occurs  vhen  h 
Is  c\a.“  n  to  bn  2.  Thu*.  the  dccc  poaltlcn  vitU  fl  »!  Intcrvcl  site  ;;  n.t 
olvoyn  b.  *  a  fre^&ncy  resolution  £r*rtar  tlu.n  that  of  the  v.  Ueixshb.cr  decc..- 
i*os  r*.  n.  .s*  ver  if  v.»«  la  l»  reposted  In  tb.o  coupling  of  frec.iiercy  m'ss, 
i.  w.  .  v~it.  Jo  In  to  ci.;si  -r  d Iff  rent  fre^utccy  iv-ngoa  ulth  the  sstea  ro- 

•  ;.  Ird.  l  In  t!.a  rent  ts't'tU*  \*e  f*  *.l  p.ae  tfc*  :;»*c  r*.l  r«l*  played  by 


t  ,1  t 


f-  .  •  *  -f-:  It*  In  ft—  ;•  •  -.*  !r  _!c*l  .>f 


J  /  • 


Fcfore  wo  fSuUli  cu”  rnolye Is  of  tfcj  spectral  contc.:  of  t*,..  rv„  .  „.t 

current  deviation  by  flnuls^;  c*..c  estcci a:ed  y»»f  t;cc; *»1  <WM^y,  As  uv  S..v*s 

discussed  the  irJ*vit'u  1  ccr.tr i*  ctlo..*  „t»  t'.a  i*.er.\a  ccrr. m  dvvlativ.t  a. 

noscaiy  cha  Ifl,  have  a  rpoctral  r.aturn  in  t\.-r  r.,rfur.tt  a  contribution 

1 5. 

in  a  respective  t-psctr-l  ir.ierv.  *  Af  .  *..ns  cs  a  cent invars  frc«p*a»#y  w la  mo 


uy  d  f  I  ju  f  f  •  c;  c.-l  o\  >r 


.nvr.t  deviation  r i  t  as 

♦1 


x */Af  **  x*  (0  i V:  (  «  a*  (f) 

••  n 


(2.:o) 


Hero  t'.io  arrow  denotes  ti*?  t.i.s;a  fre-  a  di„er.t*  d  script  Inn  (.)  to  ft 
continuous  v.t  ItMo  f. 

*dfco  empirical  cnncrble  cveraja  of  j*.tft(f)!*  ft  c’.tir..;*  by  wtrs|tit 
|/(I-(f)4*  ever  all  possible  values  cf  tft  v‘.;i*.!»  arc,  1/  d.f  ’.  ion,  cc:  *  . .  .! 
to  tls*  interval  [  •  (V-  Y0>/2,  (XT’-  Y0)/2*.  !•*'  d  .  this  aver.--:  {7 

UkoI2.  T.^n  the  pov-r  cpactral  density  r  y  bo  written  in  ti-3  forr*. 

P(0  -  2  (S'-  Yo)'1  |«(f)i2 

a.  2  7*1  |/t(0|2  ,f>o  (2.1*) 

Karo  c*..®  factor  2  arises  since  wo  Unit  f  to  peal* i  vs  velvet  sud  tita  las. 
opproxiaato  equation  follows  s^ncc  To  «V . 

Finally  v®  not*  chat  consistency  v*:*.  tla  c**prrl  >r.tal  facts  abort  1/f 
noise  is  obtained  if  vc  0 tee-13  that  the  noise  pavar  spectres*  is  proportional 
to  the  power  in  tbo  drivir.*  current.  For  t’r.en,  t*  ,  ever  r,  .ctrr.i  denoity  it 
proportional  to  tha  or.wcro  o'  **..c  drivi..-  current. 


I  f  ■*  #  .  *  ~  *  ♦ 


Tii  ;  *• . .  .•„  .  ..*rn  v.*  hr.'*  po*  tu’.ntci  r.  fmJKf  rov~c?  f  r,*  i-r  ir.  & 

wn  «  .  l5.  »  .  ' <  r yo £  .♦v.rfj?  ci*rrf.v.  V?.»  ‘....vj 

fliwni  a  j  :vjT  r.'.c  r.  1  <f  ht!iy  «  ;•  '.4  Ptlr.tr.*..*  frns  rrc*..  .  i*»'r'.;r,ii£.%  In 
this  t  c: f vv  t!;.’**,  r*o  r.a  a  atari  in;.  yu.fi,  only  (*)  tl.a  err  1  *?u  .* 
o£  r.  .*  '  y  f.  r  >j  .'r.*...vr.ry  r.uir*  ni'.sv:  in. 

f  .  yrJJK.'pri  £u  r  ir.y.m'I.  r.t 5  cf  t!.a  <inwrtn>  ere  (2)  rr.  r  -t  ;>* 

tiee  cf  asi ...  rliy  ci  pror  c»  xni  rar*  r-crfc  Lcr  5  |0«gr 

&»*■•<&  *•»  f  (3)  •*Si\«  #^L  < **  ;  of  t.a.il  Ir.v.r.ri:y  eo  •!(>••»  t**d  ro* r\  fmm 5  t»..lrnce>  c*;. 

W  into  r  p.'w:r  klnmt  .  -ar.£  kl*nt(t  Ir.  t*..»  fr cf.v-tr.cy  rpercrr * 

I  .  a  v. /, 

'w*  to.  i  »‘^v.5r  in  t*.&  r.*itae  It.  j*r»  -  .*..**  ;o  the  Inrc;^! "fcr.  cf  the 

jk>  r  i  p.ctr.l  .‘raity  ever  tht  lote.  rpactrirs.  ffM(4»r  t«*.  Irteprel  cf  the 
;  wwr  a,.mrcl  d  tty  o’.vr  f  *,y  jure  of  c'.to  r-: . . .  .*%  V*.ifa  rc  j**^C»**  s* 

Ct*  o(  tic  noUc  ^ovar  (a  r.  *;uccrnl  Tka  r.rgtv'jcfrri 

r*>»u Ii»*.ii* In jjv« %•«■»«»  nd»i  ai  j'jivjr  loi  i< !  »»«•**«•  Mk  c|*tc»rt>2 

I*  a  «k  V  •*  c  %  »• » *  z %  *•  Inw.ii  ve  esntidar  n  dyncsicnl  hairnet  .  .  v?  in  rhich  t*-.e 
r  in  a  sJwn  *nter\r,l  la  j,!\vr.  by  the  n't  of  tbo  pevar  into  cite  Interval 
freer  Mkr  itiu.wla  :  ir.ua  the  p&ver  trr.nc^icrotl  to  other  ir.tnrvcla  trinue 

to  (ar.f/<*r  my  'sir.*  from)  cha  outtlCa.  i*or  the  ctctismvry  atftte  the 
jr.H^ve  t <*i2 1  U2  c«  4  tu2«ividt  tho  tc.ti  frcc,w..cy  rtt.^o  into 


inter*.' \s  of  MittiUn  power. 

/i*(f)  Ci  -  ccn.t . 


O-i) 


**  r<j*u.«.r.  c *.»•  r  *>  *•  ^  wr.t.c*  pravicti.  ••  per  4?  c.-eciral  ctndty  ertiata. 

1  %.  c'  *e  cf  tt.a  / .*,  will  dz<zr.i  t:y*n  t>  *'*. ytlctl  proccesra  ir.volvco 


i.i  t‘  4  n  : 


It  v*  *  :*  *  rvrr  <1  .••  *  .  C.  •* 


It  fr  .  *{. 


to  !  »v:  a  i;aa!Iw;r  kVvlor.  vs  v  .:t  t' ;  Mite rent  fr  ...  "..7  r  ’ 

« 

tMfiiid  in  £  v.*y  that  slvs'j  c*;j*1  vv*JJ.c  ro  r,*r!i  c '  f.U  r.n  W  tc* 

by  aasvaifig  St^.  (3.1)  f'.  '.I.j  fw  tbs  tr.ccrv.la  jrlil:,.  fer  NKvlrt 
fr«,«Mry  rpcslutlof,. 

Tate  tusM  that  is  ;*re,  ‘Clov*  a  t*.  ratter  I  r,tic  f r. <.  r..y  .  .*  tbs 

'  6 

••  1*  4C  *  »t  fol  •  cv‘i  fro**  ()•',)  «*#  *crni  l^^u»  •  i*«>  • 

W)  *  f’1  (3.5) 

'loro  §nu.i’»Ily.  frc*....:cy  isAK^ik  S..v.i!v. <1  iu  Kf.  ().!)  :.*y  state  !  :* 

of  constant  fre^nttscy  ret  ’.uien.  *  ..i»a  t  ..  »„.*  ..V  i  f.*p.  t's  tK.  ct  1/f 
functional  *!c“.tn.hr.ea  can  Vt  *c coveted  f..r  by  *i i;>i Ijr  »<> ! fytr|  the 

choice  of  frequency  interval . 

Alternatively,  if  the  intcrv.  lt  arc  to  rv  1..  rixylo  the  rclatien  :  y 
not  bs  co  c  ..ilc.  ihv*  vs  »ifht  vac  3  secdulr.tlcn  fwtct.aa  *(f)  v.*..'  r  rho 


Integral  ci;a  co  obtain 


.-/*T 


*P(£)  *(0  if  -  const. 


0.3) 


In  this  w.y,  a  vide  re..**.  cf  tp.ci.ral  lava  for  .  (f)  car.  occvr  c. 

tl:t  cho.co  of  "(f)  even  vhaa  Lt^  it  contrAir.*.d  to  1»*  a  constant  frve.ue.  ty 
resolution  Interval. 


/.r  alternative  way  of  viewing  the  1/1  problem  ia  to  start  with  be..  (3.1) 
and  i*yoco  a  1/f  p  ver  cpjctral  d.naity.  a...  *,  it  follow  that  the  cyatc  at- 
icnlly  chor.cn  spectral  ii.-crval*  of  integration  ere  jar.,  thotc  vhich  ^ive 
ccnctonc  frte.uonry  resolution. 


£  _  f*  t4  %*  »*  *•  p  •  *  *v  *  ****  /*#*•%  .  *  -  •  ,.  „* 

*  *  *#  «  »*•••*  *  ••*&»!  •  •  t  *  V*  •  \i/>  |  i  r 

lU.*alr..  h«  At.  U**‘  f*.  ;  V  l..*s  (1‘  *7)  **#  ;v'  *  7;t«  .*  • 

...  \  *  irr  *ui,  i  /m  t  nm.t  rvy.Vi  mi* 

rt  •  •  •  #  -  *  *  *  t  ••  i  ••  *k*  ^ 

y . M.  >••<  *  ••••*•  M  .t  .^|  •  •  \  •! 

.*.  ...  .1,  r ...  .  r  . :.  to\.  ft,  :$$ 


V.  r.  *  2.  I,  i.  Sw.  I’l.ya. 


:.  c  "*) 


it.  *  .  j:  r:\  .l.v:,  I;y  .  T  .fy- r^f*  ••  r  m  r  *  ^ 

teittfcto  im*  iTifo:  l? iry.  f*t*  3,  *.  *?  c*.;:r.  t#« 

:..  I..  r,  Eats  Triw*.  !r.f «r*ec :*•?>.  TWt*vf  rr-n,  (SM7J 

r..  :  .  *m£»u..at  .  *  j.  v.  w.  :.\j  r,  sink  Ws*  jr,  4*»  (»:r> 

<*“•  ».»AO  ...  ...  />  •  ...  Li’C  •  VfAHI<t  .  £|  (1  <5t<)  ^ 


gvras.V*  f  ;.*c art*  IvoS  ay.  *?v 
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C.  .  ,  *•  ..  V  ..  s.  *»  •  /•*»•<*% 

•  «  •  »>«■«*  •  |  m«  •  Hjf » •  #  ^  |  V  •-# 

If  K  i&  .va.f  t\.:  4iv f  lr.*.o  »  j.Ari*  in.-'u.Vc  to?  ;*..rr  *?.<£,,  i,» 
of  ft?  >  •  iw.^.k  »/ «  .  vt.  Iv.  »y  at  »»«  a  *  t’.a  *r. 

of  t\a  V  in:*rval 

o 

•‘etc  *.;•  o  . t.ailxi.  „  t!  t  or  its.-'  '  .torval*  lz  &  t;rUal 

Ci 

f  A 4 ••  •  *1V!f  i  tk|  V**  g'f  *  fc  •  «•  m4  »  •  i  ^  *  L*.«  i  t  •  •  I  |,<*6Cdtt«*  V  Ui  «  4*  ***^ 

%•  4.  a  .  i  »  •  *4  •  *1  •«  v  •  •*»  •  »4t«  •  41  c«x>t'  ^  t.  «•  ••^5*^*.'^  •  i*^*r  *k  •  sr  1  c  * 

(Vti.tu-U;  #i#ai«4i  dev.,  i.  a  v:  Arc  im ztvttWJ  tu  c*.a  iI.vImJo.i 

•*«k  £  * I • . *.  •  i  »i  i  v%  4i •  <c a«*j  t u  •*«*•*••  4  •*■**  •«  .••  •  ^  i* <k r it. r % v*<  i.  ft  *  it*  i 


t 

+ 


ft 

.  /.  w.'f  ;«vt  ir«  Jt.*..  :-ni  is  5  ©n3jr  **»  (-  *  '  »  •  *T  C  '  *  *  4  3^*1  * 

il  ' 

in  tUi  infKKt?  i.ifr.-J  *  r  *.f  i4.-r<*  >  *•  h  .*  *,«:  '  c  f  ... 

*  'no 

*  fc»sr  t>  ...  <■« *  f*  :i  v-*  t  //  **  •  • 

.  If  vv  JirJ  Mfn  r.. 3  Iftii *31y  *1*  ••'.*  I*  :«  '-o.-.V;  ;  rsc*  -fN  :Ur.  I  * 

9  *»  * 


£r»iw«toy  A.tervf  t  *i*  *  f»\*  ,  va  tout*  .  r  *  :V  «* 

n  i. 


Vikj;  t;»  tU  < v.  i*.  cs 


.  .  st»  {.•?■’.  £t/lv.V  *  I  r«*r 


w.**4  ccAsrr.trSo  <  .3y  to  a  tla&lo  r.sn».*vrtr3  •;*.  I.**  cr  ;a;.c  f  sv r.c> 
r.scUtttti  interval. 

.  H  v;  *tHOi  HO  I*  vf r.  I *M  cwr  *f  *»  (.  •  3) 'A  ,  il  i  s  .  .*7t_ 

ftcr.  t Cos  of  !  ..  O.ii  yWH*  3*  “  f'fst.  n/C"  •  IJ*.  ti.«r  3.  n  *f 

* 
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